The aerodynamics of a cascade of airfoils oscillating in torsion about the midchord is investigated experimentally at a large mean interblade phase angle stagger angle leading edge camber angle dynamic viscosity at cascade inlet density at cascade inlet frequency of oscillation 14. SUBJECT TERMS
incidence
angle and, for reference, at a low mean incidence angle. The airfoil section is representative of a modem, low aspect ratio, fan blade tip section. Time-dependent airfoil surface pressure measurements were made for reduced frequencies of up to i.2 for out-of-phase oscillations at a Mach number of 0.5 and chordal incidence angles of 0°and 10°; the Reynolds number was 0.gx10 6. For the 10°chordal incidence angle, a separation bubble formed at the leading edge of the suction surface.
The separated flow field was found to have a dramatic effect on the chordwise distribution of the unsteady pressure.
In this region, substantial deviations from the attached flow data were found with the deviations becoming less apparent in the aft region of the airfoil for all reduced frequencies.
In particular, near the leading edge the separated flow had a strong destabilizing influence while the attached flow had a strong stabilizing influence. Due to the large incidence angles, viscous effects are significant for this type of flutter. While considerable effort has been devoted to the development of unsteady aerodynamic models for flutter, accurate predictions of stall flutter have remained elusive. As a result, current stall flutter prediction systems rely on purely empirical correlations of flutter boundaries based on previous rig and engine testing, simplified separation models, or semi-empirical methods (EL-Aini and Capece, 1995).
NOMENCLATURE
To improve stall flutter predictions, experimental data are required. Unfortunately, only a very limited quantity of unsteady aerodynamic data exist at large mean incidence angles to verify and direct refinements to these models. In fact, the significant effects of unsteady separated flow at realistic reduced frequency values have not been adequately addressed experimentally for turbomachinery.
Previous investigations have, at best, been only partially successful at obtaining the data necessary to improve stall flutter prediction capabilities. For example, Carta and St. Hilaire (1979) and Carta (1983), using a linear compressor cascade in which NACA 65 series airfoils were harmonically oscillated in torsion, measured the resulting unsteady surface pressure distributions along the chord of the airfoils. These studies, at reduced frequencies (based on chord) less than 0.4, investigated the effects of steady blade loading and interblade phase angle on the unsteady aerodynamics.
This investigation showed a decrease in aerodynamic damping (stability) with increasing incidence angle even though steady flow suction surface separation was not apparent. While the interblade phase angle values were within the range of interest for turbomachines, the reduced frequency values and Mach number were low for advanced fan and compressor stall flutter.
Sz6ch6nyi and Finas (1981a) and Sz2ch6nyi and Girault (1981b) (the fifth standard configuration in B61cs and Fransson 0986)) harmonically oscillated in torsion a symmetrical airfoil in a linear compressor cascade. They obtained unsteady aerodynamic data over a range of Mach numbers, reduced frequencies, and incidence angles, including partially and fully separated flow. Experimental results for 0.5 Mach number have indicated negative aerodynamic damping (instability) for incidence angles greater than 8°for a reduced frequency of 0.74. In this experiment only one blade was oscillated. Hence, the experimental data does not explicitly account for the effects of interblade phase angle. Instead, the unsteady aerodynamic coefficients correspond to the influence of the oscillation of the reference blade on itself when all other blades in the cascade are fixed.
These investigations point to the basic difficulty of cascade stall flutter investigations: it is extremely difficult to obtain experimental data with all of the relevant parameters simultaneously having appropriate values. Appropriate values are: (1) high subsonic or transonic mean flow, (2) large mean incidence angles that include separated flow, and (3) reduced frequency of one or greater. In addition, data for simultaneous oscillation of the airfoils at a number of different interblade phase angles is desirable.
The objective of this experimental investigation is to obtain data that are, in all respects, appropriate for advancing the state of turbomachinery stall flutter prediction capabilities. Experiments are performed that use the unique capability of the NASA Lewis Research Center Transonic Oscillating Cascade to simultaneously obtain appropriate parameter values. These experiments quantify the effects of separation and reduced frequency on the airfoil unsteady aerodynamic response.
In this paper, the aerodynamics of a cascade of airfoils executing torsion mode oscillations is investigated. The airfoil cross-section was similar to that found in the tip region of low aspect ratio fan blades. For an inlet Mach number of 0.5, results will be presented for a low mean incidence, attached flow condition and a high mean incidence condition with leading edge separation. Reduced frequencies as high as 1.2 were attained. The low incidence data are correlated with predictions from a linearized cascade unsteady aerodynamics code.
FACILITY AND INSTRUMENTATION

Oscillating Cascade
The NASA Lewis Oscillating Cascade, Fig. 2 , combines a linear cascade wind tunnel capable of inlet flow approaching Maeh 1 with a high-speed airfoil drive system. The drive system imparts torsional oscillations to the cascaded airfoils at specified interblade phase angles and realistic values of reduced frequency. For facility details not discussed below, see Buffum and Fieeter (1990) .
Air drawn from the atmosphere passes though honeycomb into a smooth contraction inlet section then into a constant area rectangular duct. For an inlet Mach number of 0.2, turbulence intensity in the test section was 0.3%. The duct measures 9.78 cm in span and 58.6 cm along the stagger line. Upstream of the test section, suction is applied through perforated sidewalls to reduce the boundary layer thickness. Tailboards are used to adjust the cascade exit region static pressure and also form bleed scoops which further reduce upper and lower wall boundary layer effects. Downstream of the test section, the air is expanded through a diffuser into an exhaust header. The cascade inlet may be adjusted to obtain a wide range of incidence angles.
The facility features a high-speed mechanism which may drive any or all of the airfoils in controlled torsional oscillations. For this investigation, all the airfoils were oscillated simultaneously, and the maximum reduced frequency was 1.2 (based on chord) at an inlet Mach number of 0.5, which corresponds to a 370 Hz oscillation frequency.
Stainless steel barrel cams, each having a six-cycle sinusoidal groove machined into its periphery, are mounted on a common rotating shaft driven by a 74.6 kW electric motor. A cam follower assembly, consisting of a titanium alloy connecting arm with a stainless steel button on one end, is joined on the other end to an airfoil trunnion. The button fits into the cam groove, thus coupling the airfoil with the camshaft. The drive system geometry fixes the pitching amplitude to 1.2°. Lubrication of the cam/follower assembly is provided by an oil bath. The interblade phase angle is fLxed by the relative positions of the cams on the drive shaft.
External to the oil bath, on the same shaft as the airfoil drive cams, is a cam used to indicate the shaft position.
A proximity probe facing this reference cam produced a time-dependent voltage indicating the position of the airfoils.
The upper wail and the lower tailboard are acoustically treated.
Experiments performed before acoustic treatment was installed (Buffum and Fleeter, 1993; Buffum and Fleeter, 1994) 
Airfoils
The airfoils used in this study have a cross-section similar to that found in the tip region of current low aspect ratio fan blades. The airfoil section was designed using the Pratt & Whitney fan and compressor aerodynamic design system, which is for flow in circular ducts. Hence, to simulate the two dimensional conditions to be encountered in the linear cascade, the airfoils were designed using a radius ratio of 0.99. The loading levels, losses, solidity, and stagger
angle are consistent with current design practice for fan blades. The airfoil cascade parameters are given in Table 1 ; refer to Fig. 4 for definitions of the geometry. The transducers were located on the upper surface of one airfoil and the lower surface of another airfoil.
There were 15 transducers per surface. The locations, the same as those of the midspan pressure taps ( Fig. 5(a) ), vary from 6 to 95% of chord. The transducer thickness relative to the airfoil thickness was the limiting factor in placing the transducers closest to the leading and trailing edges; at these locations, the airfoil thickness was chosen to be at least twice the transducer thickness. 
The pressuredifferencecoefficient isdefinedto be the difference between the lower and upper surfaceunsteady pressurecoefficients:
The unsteady aerodynamic moment coefficient for a fiat plate airfoil is defined as
where x/C=0.5. The work done on the airfoil by thefluidper cycleof oscillation isproportionaltoIm(CM), thus the signof Im(CM)
determines the airfoil stability with Im(CM)> 0 indicating instability. Cascade pressure ratio and Reynolds number for the two steady flow conditions are given in Table 2 . The predicted pressure ratio for the low incidence flow was 0.924.
RESULTS
Results
To visualize
the flow, the airfoil surface was coated with an 
Unsteacht Aerodynamics
Unsteady pressure data will be presented for ct = 0°and cz= 10°f
or out-of-phase oscillations (13=180°). The ct=0°data will be correlated with linearized flow analysis predictions. Comparisons between the ct = 0°and the cc= I0°data will be used to isolate effects of the mean flow on the unsteady aerodynamics.
The effect of reduced frequency on the unsteady separated flow will also be investigated. Cascade dynamic periodicity was a primary concern; to quantify periodicity, unsteady data were obtained at the center airfoil position and the two adjacent positions in the nine airfoil cascade.
Starting with the ct = 0 data, first harmonic unsteady pressure coefficients for 13= 180°, k---0.8 are shown in Fig. 10 . Data were taken for two passages.
Referring to the schematic in Fig. 10 , the lower surface data were taken at positions 0 (the center airfoil position) and Changing the mean incidence angle to 10°has a dramatic effect on the unsteady pressure coefficient distributions. In Fig. 1 l(a) , while the distribution of the lower surface ,m(Ce) data is quite similar to the a = 0°data, the Re(Ce) data reach a much smaller peak near the leading edge. To no surprise, the upper surface pressure coefficients shown in Fig. I I(b) Airfoil upper surface pressure spectra for these two conditions are shown in Fig. 12 . At low incidence, Fig.  12(a) , the spectra are dominated by the response at the oscillation frequency, and only in the measurement nearest the leading edge is there a significant higher harmonic response. In contrasL the high incidence spectra, Fig. 12(b To further illustrate the mean flow effects, ACe distributions for 13= 180°, k=0.g are shown in Fig. 13 for ct also seen that there is good agreement between the predictions and the data for the attached flow case. However, there are some "wiggles" in the predicted Re(ACe) in the trailing edge region of this figure and in Cpin Fig. 10 . This is believed to be caused by the airfoil modification and the high pressure gradients in the steady flow solution. This will be found in all the presented unsteady surface pressure predictions.
For k--0.4 and ct= 10°, the cascade dynamic periodicity, presented in Fig. 14, is also good. In Fig. 15 , the center airfoil AC e data are plotted along with the corresponding data for (x = 0°and analysis predictions. Periodicity of the low mean incidence data (not shown) was comparable to that of the high mean incidence data.
Qualitatively, the differences between the ct =O°and cc = l0°data are similar to the differences seen between the corresponding k-_.8 data. . 17, 15 and 13 shows that the magnitude of the differences in Ira(ACe) due to the incidence angle increase with frequency in the separated flow region. Once again, the predictions are in good agreement with the low incidence data.
The Cp data for the three reduced frequencies are cross-plotted in Fig. 18. The lower surface Cp data, Fig. 18(a) , increase with reduced frequency. Increasing k causes relatively small changes in Re (Cp)_,,,  near the leading edge, but the relative changes become progressively larger as the trailing edge is approached.
Changes in the imaginary part are more significant. At the lowest reduced frequency, lm(Cp)_,,, is near zero in value at all positions.
As k is increased, lm(Cp)_,, increases dramatically along the first 50°/6 of chord.
The upper surface unsteady pressure distributions, Fig. 18(b) , are Fig. 19. From this figure it is clear that the cascade stability is highly dependent on the behavior of AC e neat the leading edge. In that region, the ct = 0°ACp distribution has a strong stabilizing effect, while the ct= l0°ACp distribution has a strong destabilizing effect. For the data points nearest the leading edge, the absolute value of C_ increases with increasing k -the destabilizing influence of the separated flow increases with k. Beyond that, the data cross over into regions of destabilizing influence for the low mean incidence and stabilizing influence for the high mean incidence before coalescing at the pitching point. Although the data are too sparse in the aft airfoil section to conclude much, the data at 80 and 90% of chord are all stabilizing.
Although more data, particularly data closer to the leading edge, are needed to draw firm conclusions, these data suggest the perhaps surprising result that increasing the reduced frequency destabilizes the cascade.
SUMMARY AND CONCLUSION
A The analysis of these unique data and correlation with the predictions from the potential flow analyses revealed the following. I) For ¢t=10°the flow was found to separate from the suction surface (upper surface) at the leading edge and reattach in the 40% chord region.
The separation zone was found to diminish in the endwall region. However, the flow was shown to be two dimensional in the midspan region where steady and unsteady aerodynamic response of the airfoil was quantified.
2) The steady flow exhibited good passage-to-passage periodicity for both a=0°and ¢t=lO°, thus providing a valid simulation of a turbomachine blade row.
3) Cascade dynamic periodicity was also found to be good for both the attached and separated flow conditions, thus providing a valid simulation of a turbomachine blade row undergoing torsion mode oscillations at a constant interblade phase angle.
4)
Increasing the incidence angle was found to have a significant influence on the unsteady pressure distributions, particularly in the separated flow regions. In these regions, substantial deviations fi'om the attached flow, low incidence data were found with the deviations becoming less apparent in the aft region of the airfoil. 
5)
